Histidine-to-aspartate (His!Asp) phosphorelay (or two-component) systems are very common signal transduction mechanisms that are implicated in a wide variety of cellular responses to environmental stimuli. 1) A His-kinase is the central player of a His!Asp phosphorelay signal transduction system. In some cases, another common histidine-containing phosphotransfer intermediate (HPt) plays a crucial role in a sequential His!Asp!His!Asp phosphorelay that is generally referred to as a multi-step phosphorelay. 2, 3) A His-kinase serves as a sensor for a certain stimulus, and regulates the function of a cognate response regulator containing a phospho-accepting Asp residue. Employing Escherichia coli as a model microorganism, it is time to adopt new approaches to the comprehensive understanding of the His!Asp phosphorelay signal transduction network by adopting systematic genomics. In 1997, determination of the entire genomic sequence of E. coli revealed that this gram-negative bacterium has 29 His-kinases, 1 HPt factor, and 32 response regulators. 4) Except for 2 response regulators (named FimZ and RssB), all the other 30 regulators are assigned to cognate His-kinases, as ''two-component.'' 5) In short, E. coli is equipped with many His!Asp phosporelay signal transduction systems, each of which is involved in a different type of stress response and/or adaptation. For instances the first discovered EnvZ!OmpR system is responsible for osmotic regulation of outer membrane protein composition, 6) the ArcB!ArcA system is essential for the aerobic/anaerobic regulation of respiration/fermentation, 7) and the CheA!CheY and CheA!CheB systems are involved in the regulation of chemotaxis, 8) as has been well documented.
To clarify the whole picture of the E. coli phosphorelay signal transduction network, we previously constructed deletion mutations for all 29 His-kinase genes. 9) Then, employing a DNA microarray, a preliminary result of systematic transcriptome analyses for these 29 deletion strains was also presented, suggesting that there is a complex network among individual His!Asp phosphorelay signaling pathways to regulate E. coli physiology globally. 9, 10) To understand these bioinformatic data, however, we need more experimental information about each signaling pathway. Of the 29 His-kinases, in this respect, 23 has been experimentally y To whom correspondence should be addressed. Tel: +81-52-789-4089; Fax: +81-52-789-4091; E-mail: tmizuno@agr.nagoya-u.ac.jp characterized at least to some extent in terms of their physiological stimuli (see Table 3 ), each of which specifically propagates a given His-kinase (e.g., medium osmolarity!EnvZ, hexose!UhpB). Nonetheless, no stimulus has yet been identified for the remaining 6 Hiskinases (BasS, CreC, RstB, YfhK, YehU, and YpdA). As emphasized above, it remains to characterize these 6 His-kinases with special reference to E. coli physiology.
Of these 6 unknown E. coli His-kinases, a decade ago we identified the basS gene as a multicopy-suppressor for an envZ deletion mutant, although its physiological function remained unknown. 11) Since then, no experiment has been conducted for this hypothetical BasSBasR system to clarify its physiological role. But, Hiskinases highly homologous to BasS were recently identified in several bacterial species other than E. coli. Among them, the PmrB-PmrA system of Salmonella enterica serovar Typhimurium is particularly interesting in that this His!Asp phosphorelay system appeared to respond to external iron in this bacterium. 12) In Salmonella, the PmrB-PmrA system appears to be implicated in the control of modification of lipopolysaccharides (LPS). 13) Taking this hint, it was speculated that the E. coli BasS-BasR system might play a similar role. But, we must confirm this speculation experimentally in order correctly and convincingly to integrate the BasSBasR system into the whole picture of the E. coli phosphorelay network. For this reason, we characterized the BasS-BasR system here at the molecular level.
Materials and Methods
Bacterial strains and media. The E. coli K12 strain (designated HD001) and its derivatives were mainly used, as listed in Table 1 . The HD001 [yfbE::lacZYA thi ara Á(pro-lac)] strain was constructed from the laboratory-stocked CSH26 strain. 10) A set of 37 twocomponent mutants was constructed previously in the E. coli K12 BW25113 background. 9) This was carried out according to the standard E. coli genetic procedures and/or the newly developed rapid procedures for constructing deletion mutants. 14) These mutant alleles were transferred one by one into the HD001 background by means of P1-transduction. In this study, a ÁpmrD derivative of HD001 was newly constructed, to yield HD004. In this construct, the kanamycin resistant cassette replaced the entire pmrD gene. The primers used to construct an appropriate deletion cassette were 5 0 -AATTGATGTGAAAACTCTTAGCAAACAGGAT-AATGCAATGGTGTAGGCTGGAGCTGCTTC and 5 0 -CTGCCCACGACAAAACAACGTTACTGAGTTTTC-CCTGCCAATTCCGGGGATCCGTCGACC. These E. coli cells were mainly grown at 37 C with LuriaBertani (LB) medium. To adjust the pH of LB to 5.5, 50 mM of 2-morpholin ethanesulfonic acid monohydrate (MES) was used. The plasmids used in this study are derivative form pACYC184 carrying the tetracyclineresistant gene (see Table 1 ).
Enzyme assays. -Galactosidase activity was measured by Miller's method with slight modifications. 15) Cells were grown in LB medium as described above (beyond this, the growth conditions are noted in the legends). They were suspended in 250 mM sodium phosphate (pH 7.1) for accurate measurement of cell density. A portion of the cell suspension was used forgalactosidase assay after permeabilization with toluene.
RNA isolation. Cells were grown as noted in the text. They were harvested at the mid-logarithmic growth phase. Total RNA was isolated using the RNeasy R Maxi Kit (Qiagen), according to the supplier's instructions.
Preparation of E. coli DNA microarrays. Custom glass slide microarrays (from Takara Shuzo, Kyoto, Japan) were spotted with 4095 PCR products corresponding to full-length E. coli ORFs, together with human -actin genes as a negative reference. The other details were the same as described previously. 16) Preparation of labeled cDNA, hybridization, data capture, and analyis. The RNA samples, prepared from an appropriate pair of cells, were labeled with Cy-3 and Cy-5, respectively. Each preparation was then tested twice by microarray analysis. Thus two values were obtained for each gene (or spot). Detailed procedures for hybridization, data capture and data analysis were essentially the same as those described previously. 9) Briefly, by subtracting the local background, we first corrected the intensity of each spot. In addition, a mean value of the intensity of the 24 negative control spots (human -actin gene) was determined, together with the standard deviation (SD). Then, the spots were classified into three groups. [Group 1]: both Cy3 and Cy5 signal intensity were higher than the mean þ1 SD of the negative control. [Group 2]: either Cy3 or Cy5 signal Genes with significantly different expression were then selected by the following criteria, provided that similar values were seen in the two independent hybridizations: basically we selected genes that showed relative Cy5/Cy3 rations, as noted (see Table 2 ). The other details were the same as described previously.
16)

Results
The E. coli yfbE operon is regulated in response to iron at the level of transcription
The hypothetical yfb operon consists of 7 genes (designated yfbE, F, G, H, I, W, and J) (hereinafter this operon is referred to as yfbE for clarity) (Fig. 1A) . This operon appears to be implicated in the modification of LPS (see http://genolist.pasteur.fr/Colibri/). A promotercontaining upstream sequence of the yfbE operon (about 400-bp) was fused to the promoter-less lacZYA operon on a plasmid (Fig. 1A ). This yfbE::lacZYA recombinant operon was introduced onto the E. coli K12 chromosome (strain CSH26 lacking the lacZYA operon) at the !att site according to a conventional method. The resultant strain (HD001) grew well in Luria-Bertani broth (or LB medium), expressing a very low level of -galactosidase activity (Fig. 1B , see À FeSO 4 ). But, when HD001 was grown in LB medium containing 0.4 mM FeSO 4 , a markedly high level of -galactosidase activity was detected after incubation for 2 h (Fig. 1B , see þ FeSO 4 ). Even when FeSO 4 was added at the mid-or late-logarithmic growth phases, -galactosidase activities were rapidly induced to the same extent (Fig. 1B) . It thus appeared that external iron is an a) The 29 genes revealed by microarray analysis, and shown in Fig. 4A are listed. When a set of genes constituted an operon and/or gene-cluster, they were grouped into the same column. The lacZYA operon is not the true target of the BasS-BasR system (see the text). b) For each gene-product, its characteristic feature is noted. For each reference, see text. c) The experimental meanvalues of the microarray data (fluctuation ratio) are listed. In the case of yfbF, the gene clearly fluctuated in response to iron in a manner dependent on the BasS-BasR system, but the microarray data were too low to calculate the fluctuation ratio, denoted as ND.
effective stimulus for transcription of the yfbE operon. (Fig. 2) . Although zinc served as a stimulus for the yfbE operon, it was far less effective than iron. In short, we found that the expression of yfbE was specifically and dramatically induced in an ironresponsive manner.
The BasS-BasR two-component system is essential for the iron-dependent induction of yfbE A derivative of HD001 was constructed that lacks both the basS and basR genes on the chromosome, to yield HD002 (see Table 1 ). These genes reside next to each other on the chromosome. The basS gene encodes a His-kinase whereas the basR gene encodes a cognate response regulator. 11) Even when this Á(basS-basR) mutant strain was treated with FeSO 4 in LB medium, no induction of yfbE was observed (Fig. 3A) . Provided that HD002 was transformed with a plasmid carrying both the basS and basR genes (designated pBasSR, see Table 1 ), the transformed cells became fully potent to respond to FeSO 4 , as efficiently as in the case of wildtype cells (Fig. 3A) . By employing a series of 29 deletion mutants of two-component systems, we examined whether other E. coli two-component systems (e.g., EnvZ-OmpR, ArcB-ArcA) is also involved in the regulation of yfbE. In these mutants, the E. coli Hiskinase genes were deleted one by one as described previously. 9) Besides the BasS-BasR system, none of the others was significantly implied in the iron-dependent induction of yfbE (data not shown), except for the PhoQ-PhoP two-component system (Fig. 3B ). In the mutant (HD003) lacking the phoQ-phoP genes, the irondependent induction of yfbE was markedly but not completely impaired. It has been suggested that PmrD is a downstream signaling component of the PhoQ-PhoP system in Salmonella. 17) Indeed, the mutant (HD004) Fig. 1 . Assays of -Galactosidase Activities by Monitoring the yfbE::lacZYA Reporter Gene. (A) E. coli strain HD001 was constructed, as schematically shown, which carries a yfbE::lacZYA fusion gene on the chromosome. The yfbE operon consists of at least 7 contiguous genes, as indicated. An about 400-bp sequence upstream of the yfbE operon was fused to the promoter-less lacZYA operon, as also shown schematically. (B) Assays of -galactosidase activities by monitoring the yfbE::lacZYA reporter gene. HD001 cells were grown in LB medium in the presence and absence of FeSO 4 (0.4 mM) at 37 C. Their growth curves are shown, during which -galactosidase activities were measured. FeSO 4 was added at each indicated growth phase, and -galactosidase activities were followed. (C) Essentially the same experiments as in (B) were also carried out with FeCl 3 . 4 and NiCl 2 ), followed by measuring -galactosidase activities at the midlogarithmic growth phase. Other details were essentially the same as those in Fig. 1. lacking the E. coli pmrD gene also showed the same phenotype, as in the case of Á(phoQ-phoP). These results suggest that the yfbE operon is under the control of the BasS-BasR system, which is essential for ironinduced expression of yfbE. Also, the PhoQ-PhoPPmrD signaling system is implicated for the full induction of yfbE in response to iron, but it is not essential.
Fig. 2. Assays of -Galactosidase
Activities by Monitoring the yfbE::lacZYA Reporter Gene for the Cells Grown in Each Different Type of Divalent Cations. HD001 cells were grown in LB medium containing each indicated divalent cation (FeSO 4 , ZnCl 2 , MnCl 2 , CaCl 2 , MgSO 4 , CuSO
Genome-wide microarray analysis
The above results supported the view that the physiological element iron primarily propagates the BasS-BasR signal transduction, resulting in the activation of yfbE at the level of transcription. In this view, the BasR response regulator is a member of the OmpR family of DNA-binding proteins, and it was thus assumed that BasR acts as a transcriptional regulator through binding to the promoter region of yfbE (although this remains to be proven). To gain more insight into the BasS-BasR regulatory system, we conducted genome-wide analyses by microarray. Custom glass slide microarrays were spotted with polymerase chain reaction (PCR) products corresponding to 4,095 full-length E. coli open-reading frames, as has been described previously. 16) With this microarray system, systematic profiling of E. coli transcripts was carried out after one RNA sample was labeled with Cy3 and the other with Cy5 (see ''Materials and Methods''). First, the labeled transcripts were prepared from HD001 cells grown in LB medium in the presence of 0.4 mM FeSO 4 , and compared with transcripts from cells grown in the absence of iron. Then, the transcripts of HD001 cells grown in the presence of iron were compared with those of HD002 [Á(basS-basR)] grown under the same conditions. The results of these analyses are schematically summarized (Fig. 4) . First, 61 genes were identified as iron-induced genes (>2 induction). Then, 145 genes were identified as ones the expression levels of which were significantly reduced in the Á(basS-basR) background (<1=3 reduction). When compared these (A) HD001 (WT, wild-type) and its ÁbasSR derivative (named HD002) were grown in LB medium containing varied concentrations of FeSO 4 , followed by measuring -galactosidase activities at the mid-logarithmic growth phase. Note that these cells carried an appropriate vector-plasmid (control). HD001 was transformed with a plasmid carrying both the basS and basR gene, and then the transformant was also analyzed. (B) HD003 (ÁphoQP) and HD004 (ÁpmrD) cells carrying the yfbE::lacZYA reporter gene were also examined in terms of iron-response.
Fig. 4. Schematic Representation of Microarray Data with Mutant
Cells of the BasS-BasR Signaling System. Two types of microarray analyses were carried out, as indicated. First, the transcriptome of HD001 (wild-type) cells grown for 6 h at 37 C in LB medium containing 0.4 mM FeSO 4 (labeled by Cy-5) were compared with that of cells grown in the absence of iron (labeled by Cy-3). The data analyses revealed that 61 genes showed the mean values (Cy-5/Cy-3) higher than 2. These were assumed to be the genes, the expressions of which were up-regulated by iron (designated as ''Fe-up''). Second, the transcriptome of HD002 (ÁbasSR) cells grown at 37 C in LB medium containing 0.4 mM FeSO 4 (labeled by Cy-5) were compared with that of HD001 (wildtype) cells grown under the same conditions (labeled Cy-3). The data analyses revealed that 145 genes showed the mean values (Cy-5/Cy-3) lower than 0.33. These were assumed to be the genes, the expressions of which were down-regulated in the ÁbasSR background (designated as ''ÁbasSR-down''). (B) Form the same microarray data, ''Fe-down'' and ''ÁbasSR-up genes'' were also inspected, based on the same logic, as described above.
uncovered genes, of 61 iron-induced genes, 29 genes (48%) were significantly affected in the Á(basS-basR) background (Fig. 4A) . These genes are listed in Table 2 . Three genes belonging to the yfbE operon were in this group, as anticipated. Furthermore, the lacZYA genes were also in it, as expected on the basis of the fact that these lacZYA genes in HD001 and HD002 were under the control of the yfbE promoter (see Fig. 1 ). These results strongly support the view that our microarray data are reliable. The other 23 genes, newly uncovered here, are also likely to be target genes, which are activated directly or indirectly through the iron-mediated BasS-BasR signaling pathway. A large number (116) of genes were down-regulated in the Á(basSbasR) background, but they were not up-regulated by iron. The significance of these genes is not known, but such an event is not surprising, because the defect in the BasS-BasR system would cause many secondary physiological effects that might result in a global change in gene expression.
In our microarray data, theoretically, one can search for genes whose expression is negatively regulated by the BasS-BasR system in response to iron. We analyzed the same microarray data to search for the iron-repressed and BasS-BasR-dependent genes. Only 6 genes were found as such candidates, including yajD, ynfK, yrbL, yiiD, melA, and mgtA (Fig. 4B) . The melA and mgtA genes encode -galactosidase and the Mg 2þ -transporter respectively, whereas each of others encodes an unknown protein. Interestingly, it was previously reported that the yrbL and mgtA genes were activated in a manner dependent on the PhoQ-PhoP system. 18) But, the physiological relevance of these and other iron-repressed genes is unclear. Hence this study mainly concerned the iron-induced genes.
Characteristic features of the putative iron-induced and BasS-BasR-dependent genes
It is worth mentioning that many of these identified genes constitute a distinctive operon and/or gene-cluster ( Table 2) . Inspection of them revealed interesting features, as follows. (1) Both the aceF and aceE genes are members of the pyruvate-dehydrogenase operon that is involved in acetate metabolism. 19 ) (2) The brnQ gene encodes a branched chain amino acid transport system carrier protein. 20 ) (3) The hyaA and hyaB genes encode the small and large subunits of hydrogenase 1 respectively. The expression levels of these genes are enhanced under acidic growth conditions. 21) (4) GadB is glutamate decarboxylase, whereas GadC is a glutamate-dependent enzyme that may function for protection against cytoplasmic acidification.
22) (5) The yfiD gene encodes a putative formate acetyltransferase. 23) The expression level of yfiD is enhanced during growth at pH 4.4 and upon the addition of propionate at pH 6. (6) The tdc operon is implicated in the expression of anaerobically-induced threonine/serine permease. 24) (7) The zntA gene encodes a metal-transporting P-type ATPase, the expression of which is regulated by Cd, Pb, and Zn. 25) (8) Among the listed genes, 8 are located on the chromosome as a cluster (yhiU, yhiV, gadA, hdeA, hdeD, yhiE, slp and hdeB). There is solid evidence that these genes are components of a regulatory network of acid resistance genes. 26, 27) For instance, YhiE (or GadE) is a crucial activator for the glutamate decarboxylasedependent acid resistance genes, including gadABC.
28)
Furthermore, these genes were collectively identified as ''acid-induced genes'' through previous whole-genome expression profiling.
29) It should also be noted that the yfbE operon genes in question were identified as acidinduced genes in the previous genome-wide profiling. It is clear, then, that most of these BasS-BasR-dependent genes, if not all, are closely associated with acidic and/ or anaerobic growth conditions. In this study, we did not prove experimentally that these listed genes are indeed direct targets of the BasS-BasR signal transduction system, and this issue remains to be addressed. But, the results of genome-wide profiling provided us with some insight into the physiological role of the BasS-BasR system.
The Mutant defective of the BasS-BasR two-component system is sensitive to mild-acid conditions in the presence of iron
As explained above, many of the putative ironinduced and BasS-BasR-dependent genes are associated with acidic and/or anaerobic growth conditions. Based on this view, we examined the phenotype of HD002 [Á(basS-basR)] with reference to acidic growth conditions in the presence of iron. When HD002 cells were grown on LB-agar medium (pH 7.0) containing a high concentration of FeSO 4 (1.5 mM), both the wild-type and mutant cells formed colonies (Fig. 5) . But, when the pH of LB medium was lowered to 5.5, the HD002 cells no longer formed colonies, while the wild-type cells were fully resistant to such mild-acidic conditions. Provided that the HD002 cells were complemented with the plasmid-born basS-basR genes, they became fully resistant to acidic conditions even in the presence of iron. Thus, it was found that a characteristic phenotype of the Á(basS-basR) strain is mild-acid sensitive in the presence of a relatively high concentration of external iron. This is apparently consistent with the observation that many of the putative iron-induced and BasS-BasRdependent genes are acid-induced.
Discussion
In general, iron is essential for biological processes but toxic in excess. E. coli has the well-characterized Fur-mediated signal transduction pathway, which is activated during iron limitation and is responsible for iron uptake. 30) This Fur-mediated pathway also responds to the Fe(II) form of iron in the cytosol and participates in the adaptation to oxidative stress by interacting with the OxyR and SoxRS regulatory systems, which are not two-component systems. Here we found that the previously uncharacterized BasS-BasR two-component system participates in a stress response to an excess amount of iron in the medium. Mutant cells defective in this signaling system showed a phenotype of mild-acid sensitiveness in the presence of a relatively high concentration of external iron. This scenario for E. coli is fully consistent with that for Salmonella enterica, for which it is well-documented that the PmrB-PmrA twocomponent system responds to the Fe(III) form of iron by controlling the modification of LPS. 12, 31) As found here, the E. coli BasS-BasR system also regulates the yfbE operon in response to iron, which appears to be implicated in the modification of LPS in E. coli. In Salmonella, the PmrB-PmrA system has a linkage with another PhoQ-PhoP two-component system in concert with the intermediate factor PmrD.
18) The PhoQ-PhoP system constitutes a two-component system that uses extracellular Mg 2þ as a primary signal. 32) Groisman has discussed these complicated scenarios for Salmonella enterica.
18) For E. coli too, it was found in this study that there is a clear linkage between the PhoQ-PhoPPmrD and BasS-BasR systems. This is not surprising when the close phylogenetical relationship between Escherichia and Salmonella is considered. This information for E. coli K12 is valuable for a better understanding of the whole picture of the two-component regulatory network in the best-characterized model bacterium.
Little is known about the molecular mechanism by which the mutant cells defective in the BasS-BasR system show the phenotype of mild-acid sensitiveness in the presence of a relatively high concentration of external iron. Groisman and his co-workers suggested that the Fe(III) form of iron is a toxic substance that acts on an extracytoplasmic target of the cell surface in a manner independent of intracellular oxidative stress. 12) The E. coli BasS-BasR system appears to be an important signaling system in the physiological sense that certain enteric bacteria might encounter a high concentration of toxic iron in their natural habitats, such as the mammalian gastrointestinal tract, where iron is present at relatively high concentrations. In this respect, the results of our microarray analysis provided new information, suggesting that the BasS-BasR system controls, directly and indirectly, a certain set of genes that are associated with acidic and/or anaerobic growth conditions. This is interesting because the mammalian gastrointestinal tract is generally acidic and anaerobic. BasS-BasR might be a pleiotropic two-component system that participates in adaptations to complicated natural habitats in hosts.
Two decades ago, the first two-component envZompR genes were cloned as the crucial regulators for osmoregulation in E. coli. 33) Since then, many E. coli two-component genes have been identified in rapid succession. When the entire genomic sequence was determined in 1997, it was eventually found that E. coli K12 has 29 His-kinases, each of which must participate in a characteristic signal transduction pathway in response to a variety of environmental stimuli. 4, 5) During the last decade, many of these two-component systems have been characterized in terms of their physiological roles, by many independent researchers (Table 3) . In this study, we newly clarified the physiological role of the least characterized BasS-BasR system so far. Including this system, here it might be worthwhile to compile these E. coli 29 two-component systems with special reference to their physiological functions (Table 3) . Such an update and compiled overview is not available currently. To gain an insight into the E. coli two-component network, we classified these systems into several groups based on their physiological functions (although it is somewhat arbitrary): 8 two-component systems are implicated in metabolic responses, other 8 systems are involved in ion/metal responses, 6 systems are responsible for stress responses. All of these 22 systems function as the transcriptional regulators. Interestingly, the CheA-CheY system controls the cell behavior, chemotaxis. With regard to the remaining 5 systems, so far we have no information concerning their physiological roles. Clarification of their physiological roles must await further research.
Of the metabolic-response group, the ArcB-ArcA system is the best-characterized one. It is involved in a HD001 (WT, wild-type), HD002 (ÁbasSR) and HD002 transformed with a plasmid carrying both the basS and basR genes were grown in LB medium (0.4 OD at 600 nm). The cultures were serially deluted (Â10 2 , Â10 4 and Â10 6 ), and the suspensions were spotted (from top to bottom) on LB-agar plates with and without FeSO 4 (1.5 mM), adjusted either pH 7.0 or 5.5, as indicated. The plates were incubated at 37 C for 24 h, and then they were photographed.
global regulation of aerobic/anaerobic respiration/fermentation. The NarQ-NarP, NarX-NarL, and TorSTorR systems are also responsible for anaerobic respirations. The remaining three systems are involved in the metabolisms of rare carbon sources. In the ion/metalresponse group, the assimilation of essential elements (K, P, N, and Mg) is all controlled by the KdpD-KdpE, PhoR-PhoB, NtrB-NtrC, and PhoQ-PhoP systems respectively. On the other hand, the responses to three common essential but toxic metals (Fe, Cu, and Zn) are also manipulated by the BasS-BasR, CopS-CopR/ CusS-CusR, and ZraS-ZraR systems respectively. Some of these might also be responsible for adaptations to other toxic metals (e.g., Ag, Pb, and Cd). In the stressresponse group, the best-characterized is the osmoregulatory EnvZ-OmpR system. This group is somewhat ambiguous in the sense that the primary signals are not always clearly defined at the molecular level. In these systems, therefore, pleiotropic (or fuzzy) environmental stimuli might be implicated. Such a classification of E. coli two-component systems, described above, is tentative and arbitrary. Indeed, the results of this study suggest that the BasS-BasR system is implicated not only in ion/metal-responses, but also in low pH stressresponses and anaerobic metabolic-responses. In view of this, one can envisage the general idea that these regulatory systems are highly versatile for E. coli cells to inhabit different natural environments. Nevertheless, it should be noted that they appears not to be essential in standard laboratory growth conditions. In fact, we deleted the two-component gene, one by one, but none of resultant mutants was lethal in LB medium. In this sense, the E. coli two-component systems are all luxury (or redundant). One of the longstanding issues with regard to the E. coli two-component systems is whether a given system is linked to another to constitute a physiologically meaningful network. We found previously that the ArcB-ArcA system crosses with the EnvZ-OmpR system to regulate outer membrane protein composition under anaerobic growth conditions. 34) We also found previously that the PhoQ-PhoP system is linked to the RcsC-YojN-RcsB system to regulate the synthesis of capsules in response to external divalent cations (magnesium and zinc). 10) In this study, we further found evidence that the BasS-BasR system has a linkage with the PhoQ-PhoP system, presumably to respond properly to both iron and magnesium in the environment. The results of our present and previous studies provide evidence that there is a network among the PhoQ-PhoP, BasS-BasR, and RcsC-RcsB regulatory systems, which appears to be physiologically meaningful in the sense that this network is implicated in a coordinate synthesis/ modification of cell-surface polysaccharides in response to the status of external divalent cations, including magnesium, iron, and zinc. There must be further instances of such physiological cross-regulation within the E. coli two-component systems. Clarification of such instances remains a major challenge in E. coli physiology. To this end, the genome-wide view as to the E. coli two-component systems, complied in Table 3 , might be useful.
